Abstract Recurrent parent genome (RPG) recovery is the most important step of marker assisted backcross breeding. This breeding approach is used to develop new varieties by inserting a particular gene of interest into the background of a modern variety, and removing undesirable segments linked with the target allele, which can survive after many generations of backcrossing. The marker assisted backcrossing technique is the most effective way to minimize the limitation of conventional breeding, and recover the parental genome within 2-3 generations. MR219, A modern rice variety of Malaysia (susceptible to submergence) was crossed with a high-yielding submergence tolerant variety Swarna-Sub1 (donor) to produce a new submergence tolerant rice variety. Foreground selection for the sub1 gene was done using tightly linked markers. Estimation of RPG recovery was conducted in earlier generations with previously screened polymorphic SSR markers. A total of 385 SSR markers were tested to identify the polymorphism between the parents and 88 of them found to be polymorphic. Background analysis revealed 65.55-77.8 and 78.79-95.5 % recovery in BC 1 F 1 and BC 2 F 1 generations, respectively. In the BC 2 F 2 generation the average RPG recovery was 95.37 % and that for the selected plant was 96.3 %. This study revealed the usefulness of marker assisted backcrossing for the quick recovery of a parental genome in a backcrossing population.
Introduction
Approximately 20 million hectares of rice (Oryza sativa L.) are regularly affected by flooding during monsoon season. Thereby, an annual economic loss of approximately 1 billion US dollar occurs, particularly in the lower basin to medium low rice lands of South and Southeast Asia (Herdt 1991; Dey and Upadhyaya 1996; Mackill et al. 1996) . Plant breeding techniques, conventional or molecular, might be an effective and economic way of developing crops to grow successfully in submerged condition (Ahmed et al. 2013) . Rice varieties tolerant to flooding have already been developed (Mackill et al. 1993 ), but have not been widely adopted by farmers because they lack the characteristic properties of widely grown 'mega varieties' that have both high yield and grain quality ).
Submergence tolerance is controlled by a major QTL (Sub1), which is fine mapped on chromosome 9 from a tolerant IRRI cultivar FR13, and accounts for 70 % of the phenotypic variation of submergence tolerance (Xu and Mackill 1996; Nandi et al. 1997; Xu et al. 2000) . The Sub1 locus can be divided into three related ethylene response factor (ERF)-like genes, i.e., Sub1A, Sub1B and Sub1C. While japonica and some indica varieties do not contain the Sub1A gene, all of the cultivars have Sub1B and Sub1C loci . Submergence and ethylene are responsible for the up-regulation of Sub1A and Sub1C . Sub1A was strongly induced in a tolerant variety in response to submergence stress; in contrast, intolerant varieties have weak or no gene induction. Submergence tolerance is conferred by the over expression of Sub1A of a japonica cultivar, which is intolerant, and the down-regulation of Sub1C ). Conventional breeding is still most effective method to transfer the Sub1A gene to develop a new resistant variety.
The MABC (Marker Assisted Backcrossing) is a very useful method to insert a specific allele of interest in a desirable locus from a donor parent to a recipient, where selection was performed against donor introgression across the rest of the genome of the new offspring. This method uses molecular markers to speed up the selection process, as those markers create opportunities for genetic dissection of the progenies and save time at each generation Hospital 2003) . MABC has the following advantages over conventional breeding techniques: (a) selection of a foreground primer, which is effective for the target locus; (b) selection of a background primer, which is effective for the genome of the recurrent parent; (c) linkage drag can be minimized around the locus of interest; (d) new genotypes with favorable traits can be bred easily ). Success of MABC depends on the availability of primers targeting the locus of interest (foreground primer), the flanking/recombinant marker, the position and size of the desired locus, the number of backcrosses and also the total number of background primers and their position in the genome (Frisch et al. 1999; Frisch and Melchinger 2005) . Iftekharuddaula et al. (2011) and Neeraja et al. (2007) incorporated the Sub1 gene into high yielding elite rice varieties BR11-Sub1 (Bangladesh) and Swarna-Sub1 (India), respectively. MABC was used to transfer both the Xa2 gene, for bacterial blight resistance, (Chen et al. 2000 (Chen et al. , 2001 ) and the waxy gene (Zhou et al. 2003) into modern varieties.
Most farmers prefer rice varieties that are high yielding but intolerant to flooding, which spurs the development of new varieties for cultivation in the flood prone areas using the QTL Sub1 and its effect on submergence tolerance (Mackill 2006) . To address this need, we began a breeding program with the following objectives: a) to develop a submergencetolerant version of the widely grown cultivar in Malaysia MR219 within a 2-3 years' time-frame through a targeted MABC approach for the Sub1 QTL; and, b) to develop a panel of tightly linked and flanking markers for converting other mega varieties to submergence tolerant varieties.
Backcross breeding is typically performed with the specific intent to keep the target gene and reduce the amount of donor segment as much as possible. With every successive backcrossing the amount of donor segment decreases and the amount of recurrent parent segment increases (Lewis and Kernodle 2009) . MABC can be used to precisely remove the adjacent donor segment attached to the gene of interest, and also to measure the amount of parental genome recovery in each generation. The objective of this study was to determine the amount of recurrent parent genome recovery from new lines that were developed by crossing MR219 and Swarna-Sub1.
Materials and method
Plant materials and breeding scheme A cross was made between MR219 (Submergence Intolerant but high yielding) and Swarna-Sub1 (Submergence tolerant) to introgress the Sub1 gene from Swarna-Sub1 to the background of MR219, which is the most popular variety of Malaysia (Fig. 1) . This variety was derived from a cross between MR137 and MR151 and was released in 2001. The donor variety was developed by crossing one of the FR13A-derived submergence-tolerant breeding lines (IR49830-7-1-2-2 used as a donor) and Swarna, which is popular and widely grown in India and Bangladesh ).
To produce a large number of BC 1 F 1 seeds, the F 1 was crossed with MR219. Foreground selection was carried out using SSR markers tightly linked with the Sub1 locus and showing polymorphic character, which helps to reduce the total population number for further screening. The same strategy was followed in second BC (Back cross) generation for individual plant selection. Individual plants were selected that had a lower portion of donor genome, which is a process termed background selection. Selected BC2 plants were self-pollinated.
DNA extraction
Fresh leaves from 2 weeks old seedlings were collected and DNA was extracted using a modified CTAB Fig. 1 Breeding scheme of MR219 9 Swarna-Sub1 with different selection steps involving foreground, recombinant and background markers Euphytica (2016) 207:605-618 607 method (Doyle and Doyle 1990 A total of 385 SSR markers without the foreground markers were used to identify polymorphism between two parents. These markers for background selection were widely spread across the entire genome.
A 15 ll PCR reaction was prepared in a PCR tube by adding 1 ll of sample DNA (50 ng), 1 ll of each of forward and reverse primer, 7.4 ll of Dream Taq green PCR Mastermix (29) (Thermoscientific) and 4.6 ll nuclease-free water (Thermoscientific). PCR cycling conditions included an initial denaturation at 94°C for 5 min, followed by 34 cycles of denaturation at 94°C for 30 s, annealing at 558 C for 30 s and polymerization at 72°C for 1 min, and a final extension for 10 min at 72°C using a T100 TM Thermal Cycler (Bio-Rad, CA, USA). Then, electrophoresis was carried out using a 3 % MetaPhor Allele scoring and data analysis Different alleles of the genotypes were scored as A, B, and H, i.e., A for the recipient allele (MR219) in a homozygous state, B for the donor allele (SwarnaSub1) in a homozygous state, and H for heterozygous alleles. The marker data were analyzed using GGT 2.0 (Graphical Genotyper) to estimate the percentage of recurrent parent chromosomal segments in the selected segregates of the backcross population. Chi square analysis for susceptible and resistant ratios was calculated using the formula,
2 /E, where O is an observed value and E is the expected value.
Foreground selection
Thirteen tightly linked and Sub1 gene based markers (IRGSP 2005; Neeraja et al. 2007; Septiningsih et al. 2009; Xu et al. 2006) were surveyed between the parents MR219 and Swarna-Sub1, and five were polymorphic between the two parents ( Table 1) . Out of five polymorphic markers, one primer RM8300 ) was used in the foreground as a tightly linked marker because of its clearly codominant nature, and its ability to produce easily scorable bands. For the selection of recombinant or flanking markers, a 0-8 Mb area was selected on chromosome 9 around the Sub1 region. RM23805 (IRGSP 2005; Neeraja et al. 2007 ) were used as flanking markers at the proximal end of Sub1 QTL (6.3 Mb/4.4-6.8 cM) whereas, RM 219 and RM8300 were used at the distal end. Marker distance from Sub1, the nature of codominance and the ability to produce scorable bands were the main criteria for choosing flanking markers. The recombinant/flanking markers, which are fixed alleles (homozygous) of the recurrent parent at non-target loci, were not screened in the next BC generation (Table 1) .
Background selection
Molecular markers that were not linked to Sub1, that were polymorphic between the two parents and that cover all chromosomes including Chromosome 9 (carrier of Sub1), were used for background selection to determine the recovery of the recipient genome. Evenly spaced SSR markers were selected for every chromosome. If any SSR marker that had a fixed allele (homozygous) at a non-target loci in a previous generation were not screened in next generation. In the case of BC 1 F 1 and BC 2 F 2 generation, 66 polymorphic markers were used for the background survey. An additional 19 SSR markers were tested in the BC 2 F 2 generation to evaluate the amount of recipient genome.
Results
Thirty-six F 1 plants were produced by crossing MR219 and Swarna-Sub1 and were later confirmed using two SSR foreground markers i.e., RM8300 and RM219, which are polymorphic between the parents. A total of 340 BC 1 F 1 plants were produced, and the best 4 plants were selected based on their foreground and recombinant selection. The best plant (2-49) of BC 2 F 1 generation was selfpollinated to produce BC 2 F 2 plants, where RM8300, RM219 and Gns2 were heterozygous. Out of 287 plants, a maximum number of 137 were scored as ''H'', 81 had the fixed recipient allele (scored as ''A''), and 69 carried the fixed resistant/donor alleles and were scored as ''B''. The results fit the expected 1:2:1 ratio for this generation (v 2 = 1.5; P [ 0.05).
Recombinant selection
In the BC 1 F 1 generation, recombinant selection was carried out with 156 heterozygous plants using flanking markers. Using the marker RM23805 and RM219, 18 plants were identified as single recombinant.
In the BC 2 F 1 generation, recombinant selection was carried out using flanking markers in the population of the best 4 plants, which were selected from the BC 1 F 1 population. No double recombinants were observed in the BC 2 F 1 populations from plant P12-5 and P35-25, as there were no recombination events between the Sub1 QTL and the flanking markers at the proximal end (see supplementary material). A total of 287 positive plants were observed using the foreground marker RM8300 from the population of P12-2, and all of these plants underwent recombinant selection where the marker RM23805 was used at the proximal end and RM219 at the distal end. Only 10 plants from the population of P12-2 (12, 43, 49, 56, 78, 109, 121, 201, 225 and 244) were found to be double recombinant. Euphytica (2016) 207:605-618 609 Background selection
Initially in the BC 1 F 1 generation, background selection was carried out with 66 polymorphic markers (see supplementary material). The percentage of recovery of background markers, which was heterozygous for the parents, ranged from 65.55 to 77.8 % in the selected plants (Fig. 2) . In the marker study, 48 out of a total 66 markers were homozygous for the recipient parent type on plant P12-2, followed by plant P35-25 (46 markers), P12-5 (45 markers) and P12-7 (44 markers) ( Table 2 ).
The Sub1 gene was observed on chromosome 9. In the four best plants of the BC 1 F 1 population, the maximum recovery (77.8 %) observed was for plant P12-2. Chromosomes 3 and 8 of this plant were completely recovered as the recipient type, whereas recovery rates for remaining chromosomes ranged from 30 % (chromo-some 4) to 90 % (chromosomes 1,2,5,6,7,10,11 and 12) (Fig. 3 ). P35-25 had 74 % recurrent parent genome, followed by P12-5 (73.6 %) and P12-7 (72.3 %) showed in Table 3 . The physical map of the recurrent parent genome recovery is shown in Fig. 4 . BC 2 F 1 generation Double recombination was found in the BC 2 F 1 generation from the population P12-2. Ten double recombinants were found among the best plants of the BC 1 F 1 population. In the BC 2 F 1 population, the remaining markers were tested to determine the parental genome recovery. The percentage of recovery ranged from 78.79 to 95.5 % (Fig. 2) . Sixty-two out of 66 markers were homozygous for the recipient parent of plant No. 2-49, followed by plant 2-121 (59), plant 2-59 (59) and plant 2-225 (56) ( Table 4 ). The maximum percentage of recurrent parental recovery was 95.4 % for plant 2-49. The minimum number of allelic recovery of the recipient parent was 90.2 % for plant 2-225 (Table 3) .
Plant 2-49 was a double recombinant for all of the flanking markers studied, but this plant had four heterozygous markers that remained in the background on chromosomes 3 and 4.Two markers, RM517 and RM6308, were near (i.e., a distance of 24.6 and 28.7 cM, respectively) other markers, and thus were considered as the SSR background locus. Two markers, RM517 and RM6308, easily produced scorable bands, and thus were selected for recipient genome recovery of MR219 in the next BC 2 F 2 Fig. 2 Frequency distribution of parental genome recovery (%) in BC 1 F 1 (left) and BC 2 F 1 (right) population generation. Recipient alleles were recovered for Plant 2-49 on all chromosomes except chromosome 4, without considering foreground markers (Fig. 5) . The physical map of recurrent parent genome recovery is shown in Fig. 6 .
BC 2 F 2 generation
Background selection was carried out in BC 2 F 2 populations where 69 segregates were homozygous for the Sub1 QTL using the same four markers that were heterozygous for the plant 2-49 populations in the BC 2 F 1 generation. An additional 19 background markers were used for the recovery of the recipient parent alleles in selected plants from the BC 2 F 2 generation (see supplementary material).The four best plants were selected based on their genome recovery percentage. An average of 95.37 % was recovered with a higher value of 96.3 (UPM3-BC 2 F 2 -34) and the lower value of 93.8 (Table 3) . Only ten plants were found with the recipient allele for four background markers. All markers were fixed, except for RM517 on chromosome 3, RM335 on chromosome 4, RM 217 on chromosome 6 and RM 3331 on chromosome 12 (Fig. 7) .
A total of 85 markers were used to construct the physical map covering a total distance of 1354.6 cM, where the average distance per markers was 15.93 cM (Fig. 8) .
Agronomical characteristics of the selected plants were carefully monitored and variations in the tillering pattern, panicle length, grain width and grain length were noted (Table 5 ).
Discussion
Here, we performed a rapid and precise introgression of Sub1 gene into the background of MR219, the most popular variety of rice in Malaysia, using two successive backcrosses and one selfing generation. We observed the maximum size of the Sub1 introgression was 0.81 Mb (810 Kb). For the conversion of Swarna-Sub1, the size of the donor segment on BC 3 F 2 and BC 2 F 2 generations were 2.3-3.4 and 6.5 Mb, respectively. ). According to , large seed numbers on BC n F 1 facilitates limitation of the introgression size.
In this study, out of 385 SSR markers, 88 were found to be polymorphic and used for background recovery.A total of 477 markers were used to identify polymorphism between two parents, BT7 and FL478 (Linh et al. 2012) . In another study found that the frequency of polymorphic SSR markers was 12.6 % (Huyen et al. 2012a, b) . Basavaraj et al. (2010) reported 54 polymorphic markers out of a total of 309 STMS markers between PRR78 and Pusa 1460, which accounts for a frequency of 17.47 %. A study of polymorphism in two parents, Bac Thom 7 and IR64, revealed that 15.1 % of the SSR markers were polymorphic (Khanh et al. 2013) . Hasan et al. (2015) reported 65 SSR polymorphic markers for background analysis while introgerssing blast resistant gene into the background of MR219 from a resistant variety Pongsu Seribu 1.
In MABC, polymorphic markers are typically used for background study to facilitate the recovery of the parental genome as quickly as possible. Normally, in conventional breeding, it takes 6-7 generations to recover the parental genome. In contrast, with MABC, selection takes only 2-3 generations to recover the parental genome, which saves time and money. Here, we observed 95.37 % RPG recovery in BC 2 F 2 generation. A non-carrier chromosome recovery depends on several factors, such as saturation of the molecular marker map, availability of technical resources at a given time and the required levels of line conversion (Ribaut et al. 2002) . DNA markers that are distributed evenly throughout the genome were used to reduce the donor genome content in offspring in several studies (Hospital et al. 1992; Visscher et al. 1996; Young and Tanksley 1989; Frisch et al. 1999) .
Previous research suggests that, for efficient recovery of the recurrent parent background, two to four markers per 100 cM should be used in earlier generations, such as BC 1 F 1 and BC 2 F 2 (Hospital et al. 1992; Visscher et al.1996) . The total number of generations to be backcrossed depends upon multiple factors, such as the breeder's preference, the genetic distance between the two parents and the selection of phenotypic and genetic properties in earlier generations. The most efficient approach for background selection is to select evenly placed markers. Approximately 20 cM of distance between two primers is considered sufficient . Interestingly, two markers located near the ends of chromosomes are less efficient than one informative marker on the middle of a chromosome (Visscher 1996) . The efficiency of MABC depends upon several factors, such as transfer of the target gene, the crossing scheme, a map of the marker and the applied selection strategy (Frisch 2005) . The genomic segments and the manner of the (2007) used 56 SSR primers for early selection. In the BC 1 F I generation, background selection was carried out among selected individual plants that contained the target Sub1 gene and that had a minimum amount of donor segment in the target area. The numbers of such plants were relatively low, which was a drawback for background selection. This result demonstrates the importance of large population sizes for recurrent parent recovery using backcrosses. In BC 2 F 1 , if the number of background markers remaining in the best plant is more than four, another backcrossing is usually needed to recover the recurrent parent genome by the time of the BC 3 F 2 generation . This crossing in carried out using approximately 1000 self-generated progenies, although an additional selfing generation can also be used. If the average distance of an additional background marker is within 5 cM of the closest background marker, then there is no need for additional markers. The crossing-over interference is usually considered within at least 15 cM, and the number of crossovers per chromosome per meiosis rarely exceeds four (Kearsey and Pooni 1996) . However, genetic differences were observed among 10 PILs using 43 additional background markers. Out of those 43 markers, 3 segregated among the final selection of 10 BC 2 F 2 plants. Some phenotypic variations were also observed among those plants, such as flowering, tillering, and importantly for grain length, breadth and thickness. Thus, the additional background markers were important for detecting very small introgressions from the donor parent in the BC 2 F 2 generation. Because recombination events accumulate over time, the number of donor chromosome segments spread throughout the genome increases as their length decreases. Hence, more markers are required to detect them at more advanced backcross generations (e.g., BC3) Hospital and Charcosset 1997) . Neeraja et al. (2007) used 32 additional background markers in the final selections of BC 2 F 2 and BC 3 F 2 versions of Swarna-Sub1 to ensure the proper recovery of the recurrent parent genome. However, using additional background markers for identifying Swarna-Sub1 was unnecessary because no additional donor segments were identified. Tanksley (1983) proposed marker-assisted foreground selection and investigated the context of introgression for resistance genes that was carried out by Melchinger (1990) . Conformation of the target alleles using marker-assisted foreground selection in the progeny, which were produced through selfing of a cross between a donor and a recurrent parent in later generation, or their later generation crossed to the donor parent or recurrent parent was used to determine whether an individual will be kept or discarded (Allard 1999) . Using foreground markers for the selection of target genes makes the experiment less costly and easy compared to conventional breeding (Miah et al. 2015) .
In BC 1 F 1 populations, recombinant selection was carried out to generate single recombinants at one side of the Sub1 QTL. In this way, the size of the donor segment was kept reduced. To determine the size of the Sub1 region of chromosome 9, two flanking markers were used in the BC 1 F 1 generation ). RM316 (1.8 cM) and RM219 (11.7 cM) were used at proximal and distal ends, respectively, for the development of Swarna-Sub1. Selection of a flanking marker or recombinant selection should be carried out to keep the donor segment as close as possible to reduce the linkage drag (Hospital 2001) . Young and Tanksley (1989) proposed the optimal population number and backcrossed generations to obtain a double recombinant for closely linked markers. For the development of MR219-Sub1, the recombinant markers used were as close as possible to the surrounding Sub1 region. The distance between the two closest flanking markers (RM23805 and RM219) on both sides of the Sub1 QTL was 9 cM. Previous research suggests that additional backcrossing can reduce the donor segment (Hospital 2001) , however this was not carried out in the current study because our focus was to reduce the timeframe of the whole operation. Young and Tanksley (1989) introduced a unique approach to estimate parental genome recovery called graphical genotypes, which is widely used in plant breeding. In our study we found that the recurrent parent genome (RPG) recovery of the best plants was 74.4 %, which is close to the findings of Cuc et al. (2012) . Our findings were also close to the findings of Prigge et al. (2008) . This study achieved a recovery of the BC 1 generation of Swarna and Samba Mahsuri at 86 and 89 % (computer simulated), respectively, and achieved a recovery of 83 % for Swarna and 85 % for Samba Mashuri. For the BC2 generation, the recovery of both Swarna and Samba Mahsuri was 95 %, while the simulated recovery was 97 %. Hospital and Charcosset (1997) , Frisch et al. (1999) and Hospital (2001) discussed the minimal sample size to obtain at least one desirable individual to produce BC2. If the target allele was observed in individuals of the BC1 generation with a high RPG recovery, then the best plant can be selected for production of BC2 based on the other non-target locus recovery performance (Semagn et al. 2006 ). In the BC 2 F 1 generation, 91.6 % RPG recovery was observed while pyramiding the blast resistance genes into the elite Basmati rice restorer line ''PRR78'' (Prigge et al. 2008) . In the present study, 92.62 % RPG recovery was observed for the best plants of BC 2 F 1 , which was similar to the findings of Cuc et al. (2012) , who reported an 89.7 % recovery in the BC 2 F 1 generation, while Khanh et al. (2013) observed a background recovery of 89.8 % in the BC 2 F 1 generation. In this study, 95.37 % RPG recovery was observed because of the contribution of the recurrent parent alleles from the backcross derivatives, which was possible due to precise phenotypic selection. The additional recovery of RPG in the advanced generation is attributed to fixation of the recurrent parent allele from the heterozygous alleles. Basavaraj et al. (2010) , Sundaram et al. (2008; and Bhatia et al. (2011) , reported the importance of background selection and recombinant selection with traits of interest on target chromosome or the whole genome. Ye and Smith (2008) suggested phenotypic conformation of the target gene of the resulting offspring at individual level, which is a good indicator for the evaluation of the genotype if the target gene has a strong phenotypic performance, considering minimum experimental error. Backcross selection, along with better agronomical type, has always been practiced (Allard 1999) . Young and Tanksley (1989) proposed genotypic selection, and later background selection (Hospital and Charcosset 1997) , as the way of discovering the origin of individual allele of parents using markers throughout the whole genome.
It is evident from this study that marker assisted selection along with phenotypic selection save both time and cost of the whole experiment, and ensure a higher percentage of RPG recovery, as suggested by previous research (Singh et al. 2012) . If the total number of markers used in a backcross breeding program is large, then the backcrossing will be very effective, but it will not be possible for resourcelimited laboratories to achieve a 20 % SSR polymorphism between the parental lines using MAS for the background selection (Singh et al. 2013 ). In such cases, maximization of RPG recovery could be carried out using stringent phenotypic selection (Joseph et al. 2004; GopalaKrishnan et al. 2008 ).
Conclusion
The MABC technique was successfully used in this study to introduce the Sub1 gene into the background of MR219. This method can be used within a short time frame to transform any popular rice variety into a Sub1 variety and is beneficial for keeping the donor segment as small as possible. By following a proper background genome recovery approach, it is possible to reduce the chance of insertion of an additional segment into the background of MR219. Selecting modern high-yielding Swarna-Sub1, instead of wild variety/lines as a donor could also accelerate the whole recovery process. As a result, the MR219-Sub1 variety we generated can be used as a donor parent in the future, as its agronomic characteristics were better than other donors. We expect that the recently developed Sub1 lines of MR219 will be beneficial for the production of rice in submergence prone areas of South and South East Asia.
